Abstract Growing genetic evidence is converging in favor of common pathogenic mechanisms for autism spectrum disorders (ASD), intellectual disability (ID or mental retardation) and schizophrenia (SCZ), three neurodevelopmental disorders affecting cognition and behavior. Copy number variations and deleterious mutations in synaptic organizing proteins including NRXN1 have been associated with these neurodevelopmental disorders, but no such associations have been reported for NRXN2 or NRXN3. From resequencing the three neurexin genes in individuals affected by ASD (n = 142), SCZ (n = 143) or non-syndromic ID (n = 94), we identified a truncating mutation in NRXN2 in a patient with ASD inherited from a father with severe language delay and family history of SCZ. We also identified a de novo truncating mutation in NRXN1 in a patient with SCZ, and other potential pathogenic ASD mutations. These truncating mutations result in proteins that fail to promote synaptic differentiation in neuron coculture and fail to bind either of the established postsynaptic binding partners LRRTM2 or NLGN2 in cell binding assays. Our findings link NRXN2 disruption to the pathogenesis of ASD for the first time and further strengthen the involvement of NRXN1 in SCZ, supporting the notion of a common genetic mechanism in these disorders.
Introduction
Copy number variations (CNVs) affecting the NRXN1 gene have recently been reported in ASD (Kim et al. 2008; Szatmari et al. 2007) , SCZ (Guilmatre et al. 2009; Kirov et al. 2008; Rujescu et al. 2009 ) and non-syndromic ID (NSID) (Ching et al. 2010; Zahir et al. 2008) patients. NRXN1 generates multiple splice variants of the longer a-neurexin and shorter b-neurexin proteins, all of which function in synaptic adhesion, differentiation, and maturation (Craig and Kang 2007; Sudhof 2008) . CNVs are genomic deletions and/or duplications of [1 kb to several megabases in size that may affect one or many contiguous genes or only non-coding regions. Deleterious mutations affecting one or a small number of bases in genes disrupted by a CNV (de novo or transmitted from an affected parent) are also likely to predispose to the same disease. However, there have been few systematic resequencing efforts to detect individual base changes in such genes of neurodevelopmental disorders such as ASD, SCZ and ID, and to our knowledge none has been published on sequencing all the neurexin genes in these three diseases. Furthermore, emphasis has been on NRXN1 with no evidence linking NRXN2 or NRXN3 to neurodevelopmental disorders. We therefore evaluated the role of rare or de novo point mutations in the etiology of ASD, SCZ and NSID by screening for mutations in the neurexin gene family (NRXN1, NRXN2, NRXN3) in 379 subjects affected by ASD, SCZ or NSID, and also screened the same exons/ splice sites in 285 unaffected control individuals.
Subjects and methods

Subjects
The ASD, SCZ, NSID and control cohorts and ascertainment strategies were previously well described Hamdan et al. 2009; Piton et al. 2010 ). Blood samples were obtained from all members of these cohorts as well as from their parents, except for control individuals whose parent DNAs were not available. Samples were collected through informed consent after approval of each of the studies by the respective institutional ethics committees. Genomic DNA was extracted from blood samples using the Puregene DNA kit and according to the manufacturer's protocol (Gentra System, USA). Paternity and maternity of each individual of all families were confirmed using six highly informative unlinked microsatellite markers.
Sequencing
Coding exons and flanking splice junctions of each gene were sequenced on a 3730XL DNA Analyzer System. Primers were designed using the ExonPrimer program (Supplementary Table 1 ). Exon numbering (Wilson et al. 2003) and cDNA sequence (Moessner et al. 2007 ) are as previously described. PolyPhred (version 6.11) and Mutation Surveyor (version 3.10, SoftGenetics Inc., PA, USA) were used for mutation detection analysis. All variations were confirmed by re-amplifying the fragment and resequencing the proband and both parents using reverse and forward primers.
Copy number variation and functional analyses
Details of the materials and methods used for the copy number variation and functional analyses are given in the Supplementary material online.
Results
We identified one heterozygous frameshift mutation (c.4205insACGG; NM_004801.4) occurring in exon 22 of NRXN1, affecting both major isoforms (a-NRXN1 and b-NRXN1), in a female diagnosed with disorganized type SCZ. This mutation was absent from blood DNA samples from either of the biological parents, indicating that it was de novo. Neither this mutation nor any other proteintruncating NRXN1 mutations were present in 285 ethnically matched controls. The patient, of Hungarian origin, was born at full-term and without any medical complications. Both her parents are not affected by any psychiatric diseases and there was no family history of mental illness, and developmental milestones were reached within the normal range. This insertion of four nucleotides creates a frameshift at position 1,402 (G1402fs) followed by a premature stop codon, leading to a predicted protein lacking the C-terminal transmembrane and cytoplasmic domains ( Fig. 1; Supplementary Table 2 ).
In a second case, diagnosed with autism and of European ancestry (Italian/Greek), we discovered a frameshift mutation (c.2733delT; NM_138732.2), located in exon 12 of NRXN2. This patient is a boy born after a normal fullterm pregnancy. The Autism Diagnostic Observation Schedule-Generic (ADOS-G) score is 21 (autism cutoff = 12). This mutation was inherited from the father who had a severe language delay (did not speak until 5 years of age). The maternal aunt of the father has a diagnosis of SCZ (DNA not available). This mutation is predicted to produce a protein lacking the last two laminin/neurexin/sex hormone-binding globulin (LNS) domains, one EGF domain, and the C-terminal transmembrane and cytoplasmic domains (Fig. 1) . Seven rare missense variants (observed once in the cases) and two inframe insertions/deletions were identified in NRXN1 in our disease cohorts (Supplementary Table 2 ). Of these, two (R813C and H1434R) are predicted to affect protein function by at least two prediction programs (SIFT, Polyphen or Panther; Supplementary Table 2). Co-segregation analysis revealed that variant H1434R is not present in the two unaffected sisters. The R813C missense variant, affecting a highly conserved arginine residue within one LNS domain, was inherited from an unaffected parent. We also identified, in a male of European origin (German/ French) diagnosed with ASD, a rare heterozygous maternally inherited S14L missense in NRXN1, a variant now identified in four subjects with ASD and not in over 1,201 controls (Feng et al. 2006; Kim et al. 2008 ; and this study). Ten other disease-cohort specific missense variants, all inherited from an unaffected parent, were identified in NRXN2 and in NRXN3. No co-segregation was possible for any of these missense variants as they were all from sporadic cases. No de novo or other truncating mutation was detected in NRXN3. The ASD and NSID cohorts were studied for CNV analysis using the Affymetrix 5.0 and Affymetrix 6.0 or array CGH platforms, respectively, and no CNVs were detected in any of the neurexin genes in the 142 ASD and 94 NSID tested.
The NRXN1 c.4205insACGG mutant is predicted to generate neurexin1a and 1b truncated just before the transmembrane domain and should thus disrupt cell surface localization. To test this prediction, we expressed the human cDNA for neurexin1a wild type or insACGG mutant with a Flag tag added to the mature extracellular N-terminus. Whereas wild-type Flag-neurexin-1a targeted efficiently to the cell surface, as detected by bright staining of unpermeabilized cells with Flag antibody, little or no insACGG mutant was detected on the cell surface (Fig. 2a) . Immunofluorescence of permeabilized cells confirmed similarly high level expression of both constructs indicating that the NRXN1 insACGG mutant is expressed intracellularly, but does not accumulate at the cell surface. We confirmed lack of surface localization of NRXN1 insACGG in transfected primary cultured hippocampal neurons. Whereas wild-type Flag-neurexin-1a was detected on the neuron surface including along the entire axons of relatively immature neurons, we could not detect the insACGG mutant on the neuron surface (Fig. 2b) . The truncated protein generated by the insACGG mutation could either be secreted or be trapped in an intracellular domain and never reach the cell surface. To distinguish between these possibilities, we performed Western blots of transfected cell lysates and media. The insACGG mutant Flag-neurexin1a was detected in lysate at similar abundance as wild type, but was not detected in media (Fig. 2c) . Thus, the mutant protein does not reach the cell surface.
We next tested whether NRXN1 c.4205insACGG disrupts synaptogenic activity. The function of neurexins as synaptic organizing proteins is mediated in part by isoform-dependent extracellular binding to their postsynaptic partners, the neuroligins (NLGNs) (Craig and Kang 2007; Ichtchenko et al. 1995) and leucine-rich repeat transmembrane neuronal proteins (LRRTMs) (de Wit et al. 2009; Ko et al. 2009; Siddiqui et al. 2010) . Neurexin-1a induces clustering of postsynaptic GABAergic proteins via binding NLGN2 (Boucard et al. 2005; Kang et al. 2008) , and induces clustering of postsynaptic glutamatergic proteins via binding to LRRTM1 and LRRTM2 (de Wit et al. 2009; Ko et al. 2009; Siddiqui et al. 2010) . Such synaptogenic activity is often demonstrated with neuron co-cultures, where neurexin expressed in COS cells induces postsynaptic protein clustering in dendrites of contacting cultured rat hippocampal neurons (Biederer and Scheiffele 2007; Craig et al. 2006) . However, our human Flag-neurexin1a construct exhibited poor synaptogenic activity for all markers in comparison with a rodent HA-neurexin-1a-CFP construct in COS cell coculture with rat hippocampal neurons. This difference in activity may have been due to differences in expression vector, presence and position of the tags, and/or species variability (98.6% amino acid identity). To facilitate further analysis, we tested the impact Fig. 2 NRXN1 c. 4205insACGG results in functional deficiency in surface trafficking and binding to LRRTM2 and NLGN2 in cell binding assays. a COS-7 cells were co-transfected with Flagneurexin1a human cDNA expression constructs and CFP to mark transfected cells. CFP-positive COS cells cotransfected for wild-type neurexin1a showed variable, often bright, surface Flag immunofluorescence by live cell primary antibody staining. In contrast, little or no surface Flag immunofluorescence was detectable for the insACGG neurexin1a mutant, fluorescence was similar to that of untransfected cells (*p \ 0.005 t test, n = 20 CFP-positive cells each group from two experiments). The mutant construct was expressed as shown by bright intracellular Flag staining of permeabilized cells. b Defective surface trafficking of Flag-neurexin1a insACGG mutant was confirmed in primary cultured hippocampal neurons. Whereas neurons expressing wild-type Flag neurexin1a showed bright staining for Flag on the surface including along the axon length, surface Flag staining was not detectable for neurons expressing the insACGG mutant (the small localized signal may represent non-specific permeabilization). Neurons were subsequently stained with phalloidin for F-actin. c Western blot analysis revealed a similar amount of mutant insACGG Flag-neurexin1a as wild type in transfected cell lysate and none in media, indicating that the mutant protein is trapped in the cell. d Insertion of ACGG at the equivalent position in mouse NRXN1 results in aberrant translation of a homologous sequence (bold) and truncation (*) at the equivalent residue. Thus, for further analysis we used a rodent cDNA. e Live cell surface HA immunofluorescence was bright in cells expressing wild-type HA-neurexin1a, but reduced to background level for the insACGG mutant. Permeabilized cell HA immunofluorescence confirmed expression of both constructs. For quantitative assays comparing wild type and insACGG HA-neurexin1a-CFP, we used cotransfected CFP as a marker of expressing cells (since the frameshift resulted in lack of expression of the downstream CFP from the mutant construct, and all other fluorescence channels were needed for antibody staining in the coculture assays); we confirmed that the majority of CFP-positive cells co-labeled for permeabilized HA, equally for wild type (88 ± 2%) and insACGG mutant (86 ± 3%). of the NRXN1 insACGG by inserting it at the equivalent position in the rodent HA-neurexin1a-CFP construct predicted to result in aberrant translation of a homologous sequence and truncation at the equivalent amino acid (Fig. 2d ). In these experiments we used an isoform lacking the insert at splice site four, important for interaction with LRRTMs (Siddiqui et al. 2010) .
As for the human cDNA, insACGG in rodent HA-neurexin1a-CFP disrupted surface localization in transfected COS cells reducing cell surface immunofluorescence levels to background although intracellular protein was detected (Fig. 2e, f) . Neurexin-1a insACGG mutant expressed in COS cells failed to bind partners that bind with high affinity to wild-type neurexin-1a, the ectodomain of LRRTM2 fused to alkaline phosphatase (LRRTM2-AP; Fig. 2g ) and the ectodomain of NLGN2 fused to immunoglobulin constant region (NLGN2-Fc; Fig. 2h ). Furthermore, HA-neurexin1a insACGG exhibited no synaptogenic activity Only VGAT-positive clusters of NLGN2 and gephyrin (arrows) were seen corresponding to endogenous synapses. Scale bar, 10 lm in the neuron coculture assay. Whereas wild-type HA-neurexin1a induced robust clustering of glutamatergic postsynaptic components YFP-LRRTM2 and endogenous PSD-95 at dendrite contact sites, the insACGG mutant induced no detectable clustering of either glutamatergic component ( Fig. 3a, b; Supplementary Figure 1) . Similarly, whereas wild-type HA-neurexin1a-CFP induced clear clustering of GABAergic postsynaptic components endogenous NLGN2 and gephyrin at dendrite contact sites, the insACGG mutant induced no detectable clustering of either GABAergic component ( Fig. 3c, d; Supplementary  Figure 2 ).
We also functionally tested some NRXN1 missense variants that are predicted to be disruptive to protein function, but essentially did not observe differences from wild type. NRXN1 S14L in the signal peptide of neurexin1b identified in multiple patients with ASD as discussed above was assayed in the context of rodent CFP-neurexin1b. However, cell surface trafficking in COS cells was not significantly different from wild type for S14L nor for the common variant G17V (data not shown, n = 45 cells each). NRXN1 R813C identified here in a patient with NSID (Supplementary Table 2) , and E715K and R8P (H8P in rat) reported by Yan et al. (Yan et al. 2008) in individuals with ASD were assayed quantitatively in the context of the rodent HA-neurexin1a-CFP homolog. HA-neurexin1a-CFP R813C, E715K, and H8P did not differ from wild type with respect to surface trafficking in COS cells, relative binding affinity to LRRTM2-AP or NLGN2-Fc, or clustering of YFP-LRRTM2 in neuron coculture (Fig. 2e-g and data not shown) . We also qualitatively assessed NRXN1 H1434R identified here in a patient with SCZ (Supplementary Table 2) , and observed efficient surface trafficking of human Flag-neurexin1a H1434R in COS cells, similar to wild type (data not shown).
To assess functionally the NRXN2 frameshift c.2733delT/P911fs, we deleted the corresponding residue (delA) in the mouse neurexin2a cDNA, predicting aberrant translation of a homologous sequence and truncation at the equivalent residue (Fig. 4a) . This truncation site is at the end of the fourth LNS domain and thus does not affect neurexin2b, but removes nearly half of the neurexin2a protein, including the binding sites for NLGNs and LRRTMs in LNS6, the transmembrane domain, and the intracellular domain. Indeed, unlike the high affinity binding of wild-type neurexin2a-CFP, the delA mutant expressed in COS cells was unable to bind either LRRTM2-AP or NLGN2-Fc (Fig. 4b, c) . Furthermore, the neurexin2a delA mutant exhibited a loss of synaptogenic activity in the neuron coculture assay. Whereas wild-type neurexin2a-CFP induced robust clustering of glutamatergic components YFP-LRRTM2 and PSD-95, and GABAergic components NLGN2 and gephyrin at dendrite contact sites, the delA mutant essentially failed to cluster these postsynaptic components ( Fig. 4d-g; Supplementary  Figures 3-5) . In summary, as expected, the frameshifts identified in NRXN1 and NRXN2 showed complete loss of function in binding to recombinant LRRM2 or NLGN2 in cell-based assays and complete loss of synaptogenic activity in neuron coculture.
Discussion
We report here a novel de novo truncating mutation in NRXN1 in a patient with SCZ, and, for the first time, a truncating mutation in NRXN2 in a patient with ASD. Both truncations severely disrupt the major characterized functions of neurexins as synaptic organizing proteins mediating glutamatergic and GABAergic synaptic differentiation. Upon their initial discovery (Ushkaryov et al. 1992) , neurexins were appreciated to be neuron-specific and broadly expressed in brain as thousands of potential splice variants (Missler and Sudhof 1998) . Recent studies indicate that neurexins embedded in the presynaptic membrane interact in an isoform-specific code with multiple key postsynaptic surface proteins: NLGNs (Craig and Kang 2007; Sudhof 2008) , LRRTMs (de Wit et al. 2009; Ko et al. 2009; Siddiqui et al. 2010) , and Cbln-GluRd (Uemura et al. 2010) . Thus, neurexins are emerging as a very important family of synaptic organizing proteins.
Our findings emphasize the importance of neurexin molecular pathways in the pathogenesis of neurodevelopmental disorders ASD, SCZ, and ID. Other genes involved in this pathway are good candidates for these diseases. Indeed, mutations in multiple neuroligins NLGN1, NLGN3, and NLGN4 have been previously reported in ASD and ID (Glessner et al. 2009; Jamain et al. 2003; Laumonnier et al. 2004; Marshall et al. 2008; Sudhof 2008; Zhang et al. 2009) , and variants in LRRTM1 and LRRTM4 in SCZ and ASD (Francks et al. 2007; Pinto et al. 2010) . As is the case for NRXN truncating variants in our study, while these variants occur in only a small proportion of ASD, SCZ, and ID patients, they often segregate with disease phenotype and often alter protein function, and thus are thought to be causally involved.
Both the NRXN1 insertion and NRXN2 deletion reported herein lead to a protein that does not anchor into the membrane due to the lack of the C-terminal transmembrane and cytoplasmic domains. The NRXN2 deletion also removes LNS6, the binding site for NLGNs and LRRTMs (Boucard et al. 2005; Kang et al. 2008; Ko et al. 2009; Siddiqui et al. 2010 ). In the NRXN1 insertion mutant, LNS6 is expressed but non-functional due to the lack of membrane anchor and lack of cell surface trafficking. Thus, neither the NRXN1 insertion nor the NRXN2 deletion and PSD-95 (arrows) were seen corresponding to endogenous synapses. f, g CFP-positive cells cotransfected for neurexin2a-CFP wild type f and cocultured with hippocampal neurons induced clustering of endogenous NLGN2 and gephyrin at contact sites with neuron processes (arrowheads; 13 positives scored). In contrast, the delA mutant g failed to induce clustering of either GABAergic postsynaptic component (0 positive). Only VGAT-positive clusters of NLGN2 and gephyrin (arrows) were seen corresponding to endogenous synapses. Scale bars, 10 lm variant exhibited synaptogenic function in neuron coculture. In the context of an individual with one wild-type allele, these frameshift mutants may be similar to a null allele, or potentially more deleterious. Particularly for the NRXN1 insACGG mutant, truncated protein binding to NLGNs and LRRTMs might inhibit binding of these ligands to the wild-type neurexin. Such nuances are difficult to model in our culture systems. The functional assays here suggest the mutants act as null alleles at least, with deficiencies resulting from dosage effects, but it may be important to consider potential additional interference of the truncated protein with the function of remaining wildtype protein.
The missense variants assessed here did not detectably alter surface trafficking in COS cells or binding to ligands LRRTM2 or NLGN2. These missense variants might affect neuron-specific trafficking or interactions with other neurexin partners. a-neurexins also bind dystroglycan (Sugita et al. 2001 ) and must have key interacting partners as yet unidentified to mediate their coupling to presynaptic calcium channels (Missler et al. 2003) . Interestingly, H1434R is located in the region with which neurexins interact with band 4.1 N, an association thought to be important for linking neurexins to presynaptic F-actin and stabilizing its interaction with CASK (Biederer and Sudhof 2001) .
Some mutations in ASD patients have been modeled in genetically targeted mice. For example, NLGN4 knockout (KO) mice, mimicking X-linked NLGN4 truncations, exhibit selective deficits in social interaction and ultrasonic vocalization (Jamain et al. 2008) , phenocopying some aspects of ASD. The neurexin-2a KO heterozygous mice with unaffected 2b (Missler et al. 2003 ) might be a reasonable model for the NRXN2 delT mutation reported here in ASD. Newborn neurexin-2a homozygous KOs show reduced spontaneous synaptic transmission in brainstem, a milder reduction than the other a-neurexin KOs (Dudanova et al. 2007; Missler et al. 2003) , but extensive analysis including behavior has not been reported. While the ideal model for the NRXN1 insACGG mutant in SCZ might be a heterozygous neurexin-1a and 1b KO, interestingly the neurexin-1a KO with unaffected 1b shows a decrease in prepulse inhibition (Etherton et al. 2009 ). Prepulse inhibition, a measure of sensorimotor gating, correlates quantitatively with symptom severity in SCZ patients and has reasonable validity in animal models (Braff and Geyer 1990; Swerdlow et al. 1994 ). These single gene mutants generally alter synapse composition and function, but not synapse number. Even the phenotypically severe perinatal lethal triple a-neurexin KO mice have normal numbers of excitatory synapses (Dudanova et al. 2007; Missler et al. 2003 ) consistent with neuropathological observations from SCZ as well as ASD brains that neurons and synapses are still intact (Belmonte et al. 2004; Harrison 1999) . Our findings here, particularly implicating NRXN2 for the first time in ASD emphasize the importance for future studies to define the precise contributions of specific neurexin isoforms and pathways to the development of synapses important for cognition and language processing.
Finally, deleterious chromosomal rearrangements, CNVs, and point mutations should all be considered as potential genetic cause of neurodevelopmental disorders. As shown here, genes present in CNVs or any other chromosomal rearrangements reported in patients, but not in healthy individuals should be considered as strong candidate genes and warrant sequencing in large cohorts. Taken together, our results suggest that the neurexin family is very important in the etiology of neurodevelopmental disorders.
